Proper gonadal function requires coordinated (feedback) interactions between the gonads, adenohypophysis, and brain: the gonads elaborate sex steroids (progestins, androgens, and estrogens) and proteins (inhibin-activin family) during gamete development. In both sexes, the brain-pituitary gonadotrophin-regulating interaction is coordinated by estradiol through its opposing actions on pituitary gonadotrophs (sensitization of the response to gonadotrophin-releasing hormone [GnRH]) versus hypothalamic neurons (inhibition of GnRH secretion). This dynamic tension between the gonadotrophs and the GnRH cells in the brain regulates the circulating gonadotrophins and is termed reciprocal/negative feedback. In females, reciprocal/negative feedback dominates ∼90% of the ovarian cycle. In a spectacular exception, the dynamic tension is broken during the surge of circulating estrogen that marks follicle and oocyte(s) maturation. The cause is an estradiol-induced disinhibition of the GnRH neurons that releases GnRH secretion to the highly sensitized pituitary gonadotrophs that in turn release the gonadotrophin surge (the estrogen-induced gonadotrophin surge [EIGS], also known as positive feedback). Studies during the past 4 decades have shown this disinhibition to result from estrogen-induced synaptic plasticity (EISP), including a reversible ∼50% loss in arcuate nucleus synapses. The disinhibited GnRH secretion occurs during maximal gonadotroph sensitization and results in the EIGS. Specific immunoneutralization of estradiol blocks the EISP and EIGS. The EISP is accompanied by increases in insulinlike growth factor 1, polysialylated neural cell adhesion molecule, and ezrin, 3 proteins that the authors believe are the links between estrogen-induced astroglial extension and the EISP that releases GnRH secretion at the moment of maximal sensitization of the pituitary gonadotrophs. The result is the paradoxical surge of gonadotrophins at the peak of ovarian estrogen secretion and the triggering of ovulation. This enhanced understanding of the mechanics of gonadotrophin control clarifies elements of the involved feedback loops and opens the way to a better understanding of the neurobiology of reproduction.
the pituitary versus hypothalamus has been described previously. 1 The discovery that electrolytic removal of gonadotrophin-releasing hormone (GnRH) cells plus pharmacological replacement of GnRH and estrogen could result in a gonadotrophin surge 2 was interpreted as evidence that the hypothalamus played a passive role in the surge. However, newer physiological evidence has shown that both the pituitary and hypothalamus play indispensable, active roles. This review covers the new evidence and places it in the context of previously observed data. The secretion of estrogen during the ovarian cycle varies with the state of the ovary's follicles and their successor corpora lutea. Estrogen is the main messenger in the feedback control of gonadotrophin secretion. During most of the cycle, there is a productive tension between the inhibitory effect of estrogen on GnRH secretion and estrogen's sensitization of the pituitary gonadotrophs to GnRH. The balance between the 2 effects regulates ovarian follicle development and is termed negative feedback control of the gonadotrophin's luteinizing hormone (LH) and follicle-stimulating hormone (FSH). 3 Regulation of follicle development is finely tuned by the secretion of inhibin from the granulosa cells, which acts directly on the gonadotrophs. 4 During the ramping up of circulating estrogen as the follicles and oocyte(s) mature, the gonadotrophs are massively sensitized 5 at the same time as the transsynaptic effect of estrogen on the GnRH cells suppresses GnRH secretion into the portal blood.The outcome of this process is that the circulating gonadotrophins reach a nadir at ovarian follicle maturation. At that moment, the dynamic tension between the sensitized gonadotrophs and the inhibited GnRH cells is maximal. The increased dynamic tension between the pituitary and hypothalamus is broken at the moment of oocyte maturation when the peak levels of estradiol reverse the hypothalamic inhibition of GnRH release (Figure 1 ). Since pituitary sensitization to GnRH is also maximal, there is a massive augmentation of LH and FSH secretion; the gonadotrophin surge that entrains the process of ovulation. 5, 6 Because it is based on the loss of GnRH inhibition in the face of peak estrogen levels, we term this paradoxical surge of GnRH/ gonadotrophin the estrogen-induced gonadotrophin surge (EIGS; also known as positive feedback). Although it is possible to temper the EIGS with neurotransmitter receptor blockers without inhibiting the response of the midcycle gonadotrophs to administered GnRH, 7, 8 there is no evidence that the physiological EIGS is due to changes in neurotransmitter secretion by established synapses. 9 Rather, the inhibition of LH secretion by administration of dopamine or opioid agonists during the mid-cycle surge is further evidence that GnRH secretion was held in abeyance by dopamine and opioid connections until the initiation of the gonadotrophin surge (see below). 7, 8, [10] [11] [12] Evidence suggests that GnRH restraint by the dopamine and opioid neurons results from rising levels of estrogen during the follicular phase. [13] [14] [15] In the absence of physiological evidence that the midcycle estrogen surge directly induces GnRH secretion, we have stopped using the term positive feedback to describe the mechanism of the paradoxical effect of estrogen on GnRH during the preovulatory period. On the contrary, our studies support the hypothesis that the EIGS is the result of a paradoxical estrogeninduced fall in the ratio of inhibitory to excitatory (I/E) synapses targeting the GnRH cells. 16 This synaptic balance theory of GnRH regulation is supported by experimental studies in 2 species, rats and monkeys, and supported by hormone measurements and GnRH testing in women. Since the synaptic balance theory does not exclude other Figure 1 . The ovarian cycle (top frame) in primates, especially women, drives several concurrently running ∼28-day organ-associated programs. The message that orchestrates the entire reproductive cycle is estrogen,specifically estradiol.The relationship between the gonadotrophins (middle frame) and the ovarian secretion of estradiol (bottom frame) and the secretion of the gonadotrophins by the anterior pituitary gonadotrophs (middle frame) is reciprocal, except for the paradoxical rise in luteinizing hormone (LH) and follicle-stimulating hormone (FSH) that is triggered by the abrupt rise in estradiol that marks ovarian follicle/oocyte maturation. Modified from Harris and Naftolin. 1 mechanisms for the EIGS, these are also discussed; however, the EIGS does not occur if estrogen-induced synaptic detachment is blocked by experimental means. 17, 18 This is unequivocal evidence of an active and dynamic role for the hypothalamus in the EIGS. Because of the paradoxical fall in the I/E periventricular area (PVA) synaptic ratio induced at the end of the preovulatory rise in estrogen secretion and the lack of evidence of increased overall stimulatory tone on the GnRH-targeting synapses in the hypothalamus, we propose the adoption of the term estrogen-induced gonadotrophin surge (EIGS) instead of the inaccurate term positive feedback.
Radioimmunoassay has catalyzed our understanding of gonadotrophin control, enabling both biochemical and direct morphological investigations on the regulation of the GnRH delivery system. Although it is usually spelled gonadotropin (to turn on the gonad) in the American literature, the correct term is gonadotrophin (to turn on and to nourish the gonad.) This includes the hypothalamic neurons that target the GnRH cells and the PVA astroglia and tanycytes in which these neurons are embedded. 19 The PVA of the hypothalamus is unique: it is an estrogensensitive area that undergoes paradoxical synaptic disconnection under the influence of preovulatory levels of estradiol. The availability of immunoassays for gonadotrophins and steroids in the blood has resulted in studies that precisely define the role of estrogens (primarily estradiol) and GnRH in the control of the gonadotrophins in both females and males. 1, 9, 20 The similarity in gonadotrophin feedback among species indicates that these mechanisms are phylogenetically older than either primates or rodents. This underlines the widespread utility of these mechanisms in reproductive strategies in the animal kingdom.
The combination of radioimmunoassay and immunohistochemistry with light and electron microscopy and molecular biological techniques has allowed testing and expansion of earlier observational and experimental endocrinological results. 1 This newer information has allowed the unraveling of previously opaque and apparently paradoxical findings regarding hypothalamic function, 21 especially feedback control of the gonadotrophins during the ovarian cycles and mechanisms by which gonadal secretions regulate the secretion of the gonadotrophins. 22 The principal autoregulatory or feedback interaction between the gonads and central axis (hypothalamus and anterior pituitary gland gonadotrophs) is reciprocal or negative feedback between (1) gonads and adenohypophysis, (2) gonads and brain, and (3) the brain and adenohypophysis. The former 2 interact via the systemic circulation, while the latter uses a small leash of typical endocrine capillaries, the pituitary-portal vessels, that course between them ( Figure 2 ). 1 The production and secretion of LH and FSH depend on integrated regulation including the brain's PVA nuclei, especially the hypothalamic arcuate nucleus and anterior nuclei including the median preoptic area and clock nuclei that govern the release of GnRH into the pituitary-portal vessels. The pituitary-portal system fills a necessary role because the pulsatile GnRH message from the hypothalamus is of very low amplitude and GnRH is rapidly cleared from the blood. The result of the efficient coupling of GnRH secretion with the gonadotrophs is the amplification of the GnRH signal by the release of comparatively large amounts of LH and FSH into the systemic circulation. The long t ½ of the gonadotrophins further ensures that the gonads receive a detectible signal. 23 Figure 2 . The central axis (periventricular area of the hypothalamus and the anterior pituitary gonadotrophs) are linked by the internal pituitary-portal system. Their limb of gonadotrophin feedback responds to the gonadal estradiol signal by synaptogenesis and regulation of neurotransmitters and neuromodulators and gonadotroph sensitization to gonadotrophin-releasing hormone (GnRH), respectively. However, in females at the peak of preovulatory estradiol secretion, there is a paradoxical loss of synapses, especially the inhibitory synapses that are inhibiting GnRH secretion (here indicated by γ-amino butyric acid-ergic neurons) that disinhibits GnRH secretion. This results in the estrogen-induced gonadotrophin surge (also known as positive feedback). V = the third ventricle (vIII). The curlicue is the pituitary-portal system. Estrogen, especially estradiol, is the integrating message that passes between the gonads and the central axis (brain and pituitary gland). Once puberty is established, the gonads are the major source of circulating estrogen and despite extragonadal estrogen from many tissues, including the brain, 24 fat, and other tissues (peripheral conversion), 25 direct gonadal secretion is the dominant force until reproductive senescence. Estrogen is generally synaptogenic in the brain and induces neurotransmitter secretion. Under the influence of estrogen from the ovarian follicles and corpora lutea, estrogen (primarily estradiol) maintains the high I/E ratio of synapses targeting the GnRH cells and induces neurotransmitter expression in estrogen receptorpositive neurons to drive reciprocal or negative feedback suppression of the GnRH cells ( Figure 3 ).
The obverse is true for the effect of circulating estradiol on the adenohypophyseal gonadotrophs, whose expression of GnRH receptors is induced by estrogen, 26 thereby sensitizing them and amplifying the GnRH triggering of LH and FSH ( Figure 4 ).
FURTHER SCRUTINY OF GNRH/GONADOTROPHIN REGULATION REVEALS ESTROGEN'S ROLE
1. Because of the tiny half-time of GnRH secretion, it is necessary to use circulating LH levels as the most direct clinical measure of the pattern of GnRH secretion. 23, 27 Furthermore, the gonadotrophins act as GnRH surrogates that regulate gonadal function ( Figure 4 ), allowing correlative measurements that indicate the secretion pattern of GnRH. The pattern of LH in the blood is clearly pulsatile and correlates well with GnRH pulses in the jugular vein. 28 Although FSH is also secreted in response to GnRH pulses, it has a 10-fold longer t ½ than LH, resulting in the accumulation of uncleared FSH in the blood. Thus, each pulse of FSH is diluted in the FSH in the circulatory volume, dampening the size of FSH pulses and limiting its use as a marker of GnRH pulses. 23 2. The GnRH neurons constitutively secrete GnRH pulses 27 ; control of GnRH secretion by estrogen is mostly inhibitory (see Figures 5 and 6 ). 9,29-33 3. The GnRH neurons in the PVA are necessary for the secretion of LH and FSH. GnRH cells elsewhere in the brain and body do not compensate for removal of the arcuate nucleus GnRH neurons. 2 Figure 3 . A model of synaptic connectivity in the rat arcuate nucleus, signified by the interposition of the endorphin neurons between the secondary network of estrogen-sensitive neurons in the arcuate nucleus and the gonadotrophin-releasing hormone (GnRH) neurons in the preoptic area. During estrogen rise, there is inhibition of GnRH secretion and a nadir of gonadotrophin secretion despite increasing gonadotroph sensitization (signified by the enlarged outline of the pituitary gland). The inhibition of GnRH by inhibitory connections targeting the GnRH neurons is broken by the preovulatory estrogen peak that induces phased synaptic remodeling, the increase of GnRH striking the sensitized gonadotrophs, and the resultant massive augmentation of the gonadotrophin pulses. 4. Administration of an antiserum to estradiol blocks the midcycle gonadotrophin surge in female rats and monkeys (see below). 14,15 5. In a simulation of the midcycle estrogen-gonadotrophin dynamics during the ovarian cycle, administration of a high dose of estradiol induces a fall (inhibition) 34 and then a marked rise in gonadotrophins (disinhibition; A. Zsarnovszky, unpublished data). 21 6. Actual measurements of median-eminence GnRH during ovarian cycles in intact female rhesus show a fall in GnRH at the peak of the estrogen rise (inhibition) followed by a rise in GnRH (disinhibition) and a sharp rise in circulating LH ( Figure 7 ). 21 Since the sharp rise in GnRH/LH is seen at 48 hours, 16 the recent report of a monotonic fall in monkey GnRH following estrogen administration to monkeys may be the result of observations being limited to 18 hours. 34 
Estrogen sensitizes the pituitary gonadotrophs by
inducing GnRH receptors, thus amplifying the response to GnRH (Figure 4 ). 26, 35, 36 As seen in Figure  8 , the induction of GnRH receptors follows the trajectory of rising estradiol during the ovarian cycle. In vitro studies have documented the increase of GnRH receptors in estrogen-treated gonadotrophs. 37 In this way, the gonadotrophs serve as powerful amplifiers of the GnRH signal.This role for the adenohypophysis is critical for the regulation of the gonads. 8. The pulsatile nature of gonadotrophin secretion in humans was recognized 40 years ago. 38, 39 Although most obvious during the EIGS, enabling of the amplitude by the level of gonadotroph sensitization has been shown throughout the menstrual cycle. 5 Generally, the changes of LH and FSH blood levels reflect pulse amplitude 39 and are reversible. During the back side of the EIGS, the increased GnRH pursuant to the fall of estrogen obscures the lowered pituitary sensitization. During the luteal phase, the combination of increased circulating progesterone and estrogen acts centrally to decrease pulse frequency and despite continued pituitary sensitization, the levels of circulating LH fall. 5, 39 The dynamic tension between the pituitary and brain is regulated by ovarian estrogen is a highly adaptive system that fosters reproductive fitness. Figure 5 , the estrogen-sensitive neurons targeting the GnRH cells are primarily inhibitory (amino butyric acid, β-endorphin), although excitatory neurons also target the GnRH cells (galanine, neuropeptide Y). ARC = arcuate nucleus; ME = median eminence; vIII = third ventricle; OT = optic tract.
Reciprocal/Negative Feedback
In men, reciprocal or negative feedback is the mechanism of GnRH/gonadotrophin control. The levels of gonadotrophins released from the pituitary gland reflect the interaction between GnRH in the portal blood and pituitary sensitization (vide supra). The synaptic connectivity of reciprocal feedback is equal to the net inhibitory synaptic control of the constitutively secreting GnRH neurons. Little is known, however, about the actual details of these I/E connections or their interplay in males. In females, most information has come from experimental female rats and monkeys and shows that the basal levels of estradiol found during the follicular phase of the ovarian cycle are associated with stable or rising numbers of synapses in the face of rising levels of circulating estrogen (see below). As the estradiol increases due to follicular maturation, the total synaptic number plateaus but the I/E ratio increases. 16 In summary, it appears that reciprocal feedback control is based on inhibitory synapses that are stabilized by the estradiol that also upregulates neurotransmitter expression and pituitary sensitization to GnRH.
EIGS/Positive Feedback
During the preovulatory peak of estradiol the prosynaptic effect of estradiol is overthrown and a synaptolytic effect on both inhibitory and stimulatory connections targeting the GnRH cells results in a disinhibition of GnRH/ gonadotrophin secretion. As a result of the already present sensitization of the pituitary gonadotrophs, a massive augmentation of gonadotrophin secretion ensues. The LH surge dominates because the secretion of inhibin B from the developing ovarian follicles partially inhibits the FSH response to GnRH. 4 We term this paradoxical response by the hypothalamus to peak preovulatory levels of estrogen the estrogen-induced gonadotrophin surge (EIGS).
Although positive feedback has been embraced by others, we prefer the term EIGS because the latter is based on the incorrect premise that physiological levels of estrogen can directly increase GnRH secretion or that pituitary sensitization is the sole cause of the physiological estrogen-induced gonadotrophin surge.The EIGS that occurs . Direct measurements in monkey median eminence have shown that the gonadotrophin-releasing hormone (GnRH) falls during the estrogen rise. This is followed by disinhibition as synapses are lost and the sensitized gonadotrophs' secretion surges.This illustration from Pau and Spies 21 has arrows added to point out the timing of the median eminence GnRH and circulating luteinizing hormone measurements in regard to the preovulatory estradiol peak. in all spontaneously ovulating mammals thus far studied has the following features: a midcycle inhibition of gonadotrophin secretion caused by the sharply rising levels of estradiol is followed by a disinhibition of GnRH secretion.The rising GnRH meets the sensitized pituitary and triggers massive increases in gonadotrophin pulse amplitude. 22 The resultant surge in circulating gonadotrophins entrains the process of ovulation. In this manner, the late follicular phase is choreographed by ovarian estrogen secretion so that the final meiotic division of the maturing oocyte occurs during the unraveling of the follicle wall and the extrusion of the follicle contents into the waiting embrace of the oviduct. 3 Of course, species-specific sexual behavior, sexual receptivity, and sex skin swelling are also triggered by the preovulatory estrogen surge.
In the remainder of this review, we summarize the current knowledge of estrogen's effects on the hypothalamic synaptology that targets the GnRH cells and the estrogen-induced synaptic plasticity (EISP) that holds the keys to both the inhibition and disinhibition of GnRH. Since space limitations determine the scope of this review, only selective references can be made to members of the inhibin/activin family, to sex steroids other than estradiol, or to possible roles of stimulatory neurotransmitters in gonadotrophin regulation.This does not imply that these factors are unimportant; on the contrary, they are important but beyond the purview of the present discussion.They have been discussed elsewhere. 4, 9 
REGULATION OF SYNAPSES IN THE PVA BY ESTROGEN

Physiological Estradiol Treatment of Castrates Regenerates Synaptic Connectivity in the Limbic Brain: Implications for Gonadotrophin Control
Our studies on the effects of estrogen on hypothalamic synaptology were inspired by reports from Matsumoto and Arai, indicating that estrogen induces synapses in the hypothalamus of developing rats. 40 We and others and have shown that under most conditions, physiological levels of estrogen are synaptogenic. Witkin et al 41 have reported that ovariectomy in female monkeys results in the loss of essentially all connections on the GnRH neurons and that estrogen replacement blocks this effect. Woolley 42 has shown that during the ovarian cycle, the number of hippocampal dendritic spine synapses follows the course of the circulating estradiol. Focusing on the hypothalamic arcuate nucleus, we studied the axosomatic (axon boutons meeting neuronal bodies), axodendritic (axon boutons meeting dendritic shafts), and spine synapses (axon boutons meeting spines on dendrites). We used the electron microscope (EM) to visualize the synapses and their surroundings. The techniques employed are described elsewhere. 43 Because EM sections are extremely thin, it was possible to determine only whether the criteria for synapses exist on that individual section. It is not possible to determine whether the adjacent areas contain other synapses or the remains of destroyed components of a synapse. However, the lack of damaged presynaptic and postsynaptic structures and the absence of growth cones during our observation of the changes described in this review indicate that the synaptic changes reported here are due to estrogen-induced axoglial reorganization rather than synaptic disruption. Such separations require reversible estrogen-induced changes in the glycocalyces and intercellular spaces that would allow the movement and intrusion of astroglial processes into the synaptic apparatus.These features were revealed during this work.
Synaptic Changes in the PVA Leading Up to the EIGS
Mounting estradiol increases synapses during the rise from castrate to follicular phase levels.To confirm the synaptogenic effect of estrogen during the development of follicular levels of estradiol, 41 we ovariectomized female monkeys and treated them with estradiol benzoate, a slow-release form of estradiol. Blood estradiol was measured, and groups of animals were examined at 24 hours after the injection, comparing the number and type of synapses during the buildup of estradiol and synapses with untreated controls. Counting of synapses was done by a standard micro-punch method, and the blinded, randomized counting of synapses was performed on a standard number of neurons in blinded 10 000 magnification EM fields. In addition to the classification of the synapses (inhibitory vs stimulatory), the synapses were characterized using the morphological criteria of Grey. EM immunohistochemistry was used to determine the neurotransmitter types involved. 16, 43, 44 Estrogen-induced synaptogenesis was confirmed in these monkeys and shown to favor the addition of inhibitory synapses (Figure 9 ). 14 There was a direct relationship between follicular phase levels of estradiol and numbers of PVA synapses. The ratio of I/E synapses was high, and the γ-amino butyric acid (GABA)-ergic system was most involved. These findings have implications for the reciprocal relationship between the circulating estrogen and gonadotrophin levels during reciprocal/negative feedback. Since the action of estrogen on the pituitary gonadotrophs is to sensitize them to GnRH, estrogen-induced hypothalamic synapses that target the GnRH cells must be primarily inhibitory; that is, the synaptic balance is increasingly inhibitory during the rise of estradiol as the ovarian follicles mature, despite the sensitization of the gonadotrophs, vide supra.This results in the fall of the gonadotrophins during the follicular phase of the cycle. It is mimicked by synaptologic changes in the monkey arcuate nucleus following the administration of estradiol to castrated female monkeys. 16, 44 High-dose estrogen treatment results in paradoxical changes in PVA synapses: phased synaptic remodeling. The peak of estradiol from the maturing primate's follicle(s) exceeds 100 pg/mL. Despite elevated sex hormone binding globulin, the free estradiol in the serum exceeds 5-fold baseline follicular phase levels. Studies of female rats that sustain experimentally high levels of free estradiol for prolonged periods show that after a few weeks, there is permanent loss of cyclicity, with slightly elevated gonadotrophins and an inability to trigger a gonadotrophin surge by administering estradiol. 16, 45 To study the basis of this effect of high-dose estrogen, we administered short-and long-term high-dose estradiol treatment to rats and monkeys. In more than 15 separate protocols, we showed that high-dose estradiol first causes a precipitous decline in arcuate nucleus (PVA) axosomatic and axodendritic synapses (the dendritic spine synapses could not be assessed). 46 This was similar to our findings in comparing the follicular phase rat PVA synapses with those on the afternoon of proestrus at the time of the EIGS. 46 The studies show that there is a paradoxical fall of PVA synapses in response to levels of estrogen in the range of the preovulatory estrogen peak (we estimate >5-fold the basal folliculoar phase levels is sufficient). Evaluation of the morphology of the axosomatic synapses indicates that the loss of inhibitory synapses outpaces the loss of excitatory synapses, so that the I/E ratio falls dramatically during extremely high estrogen levels. 16 Studies of rats and monkeys have shown that the loss of inhibitory GABAergic synapses is rapid and profound under these conditions. By 6 hours after injection of estradiol, the number of PVA synapses begins to fall and may reach <50% of the starting number. 47 To test the depth and longevity of the synaptological effects of continuous high estrogen levels, we repeated the estradiol valerate experiments and observed the synaptic outcome. As in the original study, the rats showed irregular cycles for 4 weeks and then developed constant vaginal estrus; they never again cycled.The number of axosomatic synapses fell by ∼50% and remained at that that level for 8 weeks. The GABAergic and dopaminergic inhibitory systems lost the most synapses; the I/E ratio was decreased during this period (Lewis et al, unpublished data).
In summary, although estradiol is generally synaptogenic during the development of ovarian follicles, during the preovulatory peak, the estradiol causes a paradoxical loss of synapses in the PVA, mostly among the inhibitory GABAergic and dopaminergic connections. These findings could have implications for explaining the midcycle surge of gonadotrophins that follows the preovulatory peak of estrogen.
THE NORMAL RAT OVARIAN CYCLE AS AN EXAMPLE OF PHYSIOLOGICAL ARCUATE NUCLEUS SYNAPTIC PLASTICITY
To better understand the physiological relationship of the PVA synaptology to reciprocal feedback and the EIGS, we examined the arcuate nucleus synaptology on each morning of the normal rat ovarian cycle, studying Figure 9 . Changes in the neural substrate during the normal rat ovarian cycle.A fall of ∼50% of synapses is documented in the rat arcuate nucleus.The first change in the arcuate nucleus microanatomy is the loss of small intramembranous particles (IMP; see text).This is followed by the loss of (primarily inhibitory) synapses. The proestrus PM brains were removed by noon, while the luteinizing hormone (LH) surge does not occur before 1 PM (Figure 10) ; therefore, in the physiological cycling rat, phased synaptic remodeling occurs prior to the LH surge. This supports the proposal that the peak of estrogen at mid cycle results in an inhibition-disinhibition cycle of gonadotrophin-releasing hormone control that is amplified by the estrogen-sensitized pituitary gonadotrophs. Data are from references 15, 48, 50, and 63. brains removed just after vaginal smearing. Since the relationship of the rise in circulating estradiol to the timing of the LH surge had already been closely defined ( Figure 10 ), we used this as a timetable for our physiological studies. 48 We used EM and freeze fracture to examine the arcuate nuclei of female rats on the morning of each cycle day. 49, 50 As shown in Figure 9 , the days on which estrogen is basal or beginning its rise (metestrus and diestrus, respectively) had maximum numbers of axosomatic and axodendritic synapses. Freeze fracture revealed that the total intramembranous proteins (IMPs) in intersynaptic arcuate nucleus neural membranes were also high on those days (Figure 9 ). On the morning of proestrus, the estrogen reaches its acme at the end of an asymptotic rise. The first change in the central nervous system is the fall in PVA small (<10 nm) IMPs, which appears to be mirrored by changes in the glycocalyx.The IMPs decrease and are still down by the morning of estrus, 24 hours after the estrogen peak. On the afternoon of proestrus, the number of synapses on randomly studied cell bodies and dendrites is ∼50% lower than on the mornings when estrogen in not at preovulatory levels. 15 The LH surge begins at that time. The synapses have recovered by estrus AM, 48 hours after the fall of estrogen induced by the LH surge. 50 These physiological data are consistent with the proposal that the EIGS is due to the cycle of GnRH inhibition-disinhibition that is driven by EISP. This has been proved by immunoneutralization studies using antiestradiol antiserum, vide infra. Moreover, since the estrogen-induced changes in the arcuate nucleus intersynaptic neural membranes preceded the changes in synaptic values, IMP changes may play a causal role by converting the glycocalyceal content and intercellular space to be conducive to the elaboration and movements of astroglial processes to invade the associated synapses, as indicated previously and in the following section, respectively.
HOW DO ALL OF THESE ESTROGEN-INDUCED CHANGES OCCUR?
In addition to determining the mechanistic role of estrogen in the feedback control of GnRH/gonadotrophins, much refinement of the above neurobiological findings remains to be achieved: the precise timing of the changes in both membrane organization and synaptic counts must be documented.The possible existence of diurnal changes in arcuate nucleus synaptology is yet to be resolved. Estrogen-sensitive cells in the hypothalamus must be identified and their changes contrasted with the lack of effects among the estrogen-insensitive cells. Estrogen-induced synaptic changes are probably multimodal, with even more dramatic effects of estrogen revealed upon separation into classes of estrogen-sensitive cells rather than having to contend with studies of randomly studied cells.As examples of what is to come, we have reported that estrogen-sensitive cells show 2-to 3-fold differences in axosomatic connections during periods of high versus low estrogen. 51, 52 When neurotransmitter type was determined in order to identify cells, disproportionate loss from the inhibitory neurotransmitter cells was confirmed (A. Zsarnovszky, unpublished data; Lewis, unpublished data). 47 Notwithstanding these gaps in knowledge, it has been helpful to have data indicating that circulating estrogen levels can be related to both the GnRH inhibitory and disinhibition phases of the normal cycle. These findings highlighted the importance of confirming and elucidating the key role of estrogen in physiological phased synaptic remodeling (PSR). The EIGS is blocked by estradiol-specific antiserum. Ferin and colleagues 13, 14 used estradiol immunoneutralization to prove that in rats and monkeys, estradiol is critical to the midcycle gonadotrophin surge and the reproductive events that surround and follow the surge: ovulation, coitus, conception, and pregnancy. We employed this model to test the specific role of estradiol in the synaptic plasticity that parallels the endocrine changes. 15 The antiestradiol was injected in cycling rats on the morning of diestrus, when the blood estrogen levels begin their rise, achieving preovulatory levels 24 hours later on the morning of proestrus. As a positive control, we administered diethylstilbestrol, which is not bound by the antiserum. As a negative control, we used nonimmunized mouse ascitic fluid. As expected, the antiestradiol blocked the LH surge on the afternoon of proestrus, as well as ovulation and pregnancy. In addition, the axosomatic synapses in the antiestrogen-treated animals remained at the levels seen on diestrus for the entire 3 days of observation. Coadministration of the antiestradiol and the non-cross-reacting, nonsteroidal estrogen diethylstilbestrol resulted in the fall of arcuate nucleus synapses 36 hours later (equivalent to the afternoon of proestrus). The use of nonimmune ascitic fluid did not affect the LH surge or the occurrence of estrogeninduced synaptic plasticity (Figure 11 ).
Do the EISP and the EIGS occur in primates?
Monkeys and other higher primates such as Homo sapiens have their GnRH cells in the arcuate nucleus rather than in the preoptic area. Therefore, it is important to test for the presence of the EISP and the EIGS in higher primates. Female vervet monkeys were ovariectomized and administered long-acting estradiol valerate. Within 48 hours, a 61% fall in arcuate nucleus axosomatic synapses was present. 53 This study has been repeated on rhesus monkeys, and both the EIGS and EISP/PSR were documented. 16 Testing the synaptic balance theory in vervet monkeys. To further explain the EIGS, we developed the synaptic balance theory, proposing that the changes in LH, and therefore GnRH, could be the result of shifts in the balance of inhibitory versus stimulatory connections targeting the GnRH neurons (A. Zsarnovszky, unpublished data). 16 In describing the results, it is important to indicate that the targeting of the GnRH neurons may be direct or via a multisynaptic path. In the case of the latter, the effect is complex and has been characterized as a feed-forward mechanism because it includes such paths as the stimulation of inhibitory neurons and vice-versa, on the way to influencing the secretion of the self-generated secretory pulses of the GnRH cells. Since the monkey's GnRH neurons are in the arcuate nucleus ( Figure 6) , as opposed to the internuclear regulation of the GnRH cells in the rat ( Figure 5) , we opted to test the relatively more simple primates for the action of low versus high levels of estradiol and the applicability of the synaptic balance theory.Vervet monkeys were ovariectomized and after 2 weeks received an injection of 50 mg/kg estradiol benzoate.The number and type of axosomatic synapses, LH, and estradiol levels were measured 24, 48, and 192 hours after estrogen administration. As seen in Figure 12 , by 24 hours after estrogen administration, the estradiol was elevated and the LH levels had fallen dramatically.There was a marked increase in both the inhibitory and stimulatory synapses, 43 but the balance favored the former, with a ratio of 3.0. By 48 hours, although ∼50% of the total synapses were gone, the I/E ratio had fallen to 2.5 at the time when there was a dramatic surge in blood LH levels.Thus, while I/E ratio is an attractive explanation, there are other influences, such as multisynaptic pathways, pituitary sensitization, and other regulating systems, 9, 54 to take into account when proposing the outcome of a certain constellation of neuronendocrine factors on gonadotrophin secretion.
DEFINING THE ELEMENTS OF THE PVA THAT TAKE PART IN THE EISP DURING THE EIGS
The PVA, in which the third ventricle is encased, has long been known to have special morphological and cellular properties.These include the following:
1. Specialized glial/ependymal cells called tanycytes that line the ventral third ventricle (vIII). These cells have processes that target the median eminence, as demonstrated by immunoreactive insulinlike growth factor 1 (ir-IGF1) staining (Figure 13 ). 55 Their apical surfaces face into vIII, and during the estrogen peak, these surfaces sprout microvilli. 56 Microvilli are metabolically active organelles that are associated with fluid and molecular transport and cell surface receptor molecules that 110 Reproductive Sciences Vol. 14, No. 2, February 2007 Naftolin et al Figure 11 . Immunoneutralization of estradiol before the midcycle phased synaptic remodeling (PSR) proves that estradiol is the cause of arcuate nucleus synaptic plasticity and the estrogen-induced gonadotrophin surge (EIGS).These data are from Naftolin et al. 15 Amplification of the gonadotrophin-releasing hormone Amplification of the gonadotrophin-releasing hormone fill with IGF1 at the time of the midcycle estrogen peak. 55 In this manner, the tanycytes connect the ventricular system with its access to the circulation via the choroids plexus. The content of the tanycytes is then available to the neuroglial elements of the PVA. 2. The presence in the PVA of neurons with specific estrogen-sensitive organelles, the whorl bodies and nematosomes, which have been linked to EISP. 52 3. The presence of gonadectomy-sensitive neuronal expression of aromatase. 57 
The retention of polysialylated neural cell adhesion
molecule (PSA-nCAM) in adults. 58 
5.
The presence of sexually differentiated astroglia that in females, but not in males, respond to estrogen. 19 The combination of these characteristics is unique to the PVA and does not occur in any other area of the brain or even the hypothalamus. Others have noted some of these factors and the possibility of their functional integration.The most noteworthy formulation is the circumventricular organ (CVO) described by Joseph and Knigge, 60 who considered that the CVO furnished a broad means of communication between the ventricles, the hypothalamicpituitary portal system and the extrahypothalamic limbic system.To date, our studies have focused on the regulation of synapses in the PVA, particularly their control in the arcuate nucleus by estrogen. We believe that this is just scratching the surface of this extraordinary part of the While the estradiol is rising in the first 24 hours, the response is synaptogenesis. But as estradiol reaches its acme at 48 hours, there is ∼60% loss of synapses (PSR) as the LH peaks, signifying the disinhibition of GnRH secretion, the estrogen-induced gonadotrophin surge (also termed positive feedback). As the estradiol levels fall over the next several days, the inhibitory synapse counts return to an intermediary number (A. Zsarnovszky, unpublished data).
Figure 13.
Immunoreactive insulin-like growth factor 1 (ir-IGF1) in the rat periventricular area. The staining for ir-IGF1 increases toward the time of the estrogen-induced gonadotrophin surge. The primary cells that stain are the glia, particularly the ependymal tanycytes, marked by their sweeping processes that pass from the wall of third ventricle to the median eminence. The astroglia also stain heavily for ir-IGF1. Modified from Duenas et al. 55 brain.To our knowledge, there is no other area of the brain in which both synaptogenic and synaptolytic effects of estrogen can be found. Although these qualities could be particular to the neurons of the PVA, experience indicates that the astroglia play a major role in the synaptic plasticity found in the PVA and that the many other autonomic and nonautonomic functions regulated by the PVA are targets for similar enquiries. A few examples follow.
What Are the Bases of the Glial Changes That Accompany EIGS?
Astroglia are closely applied to the neurons in the arcuate nucleus, but these relationships are disturbed during EISP. We studied the coverage of neuronal perimeters by glial fibrillary protein (GFAP) immunopositive processes. In both rats and monkeys, the area covered by GFAP-positive processes changes inversely as the estrogen levels change and affect the number of synapses in the arcuate nucleus. At the peak of the preovulatory estrogen levels, the glial processes spread and intercalate themselves into the synaptic structure ( Figure 14) . The glial processes are very dynamic in this action, often wrapping themselves several times around neuronal bodies and processes. 61 We believe that the estrogen-IGF1-ezrin-actin signal transduction pathway is one of the motivating forces of glial process changes, vide infra. Moreover, the process changes are coordinated with changes in the glycocalyceal makeup and intercellular microenvironment of the PVA.
Roles for PSA-nCAM, Ezrin, and IGF1 in Estrogen-Regulated Glial-Neuronal Interactions in the PVA
PSA-nCAM.
During freeze-fracture studies on arcuate nucleus neurons, we have encountered evidence of changes in intramembrane and extramembrane components that are regulated by estrogen. 46 In rats, throughout the prepubertal period, the neuronal membrane contents increase in complexity and are sexually dimorphic. There is an excess of IMPs in females compared to males, and this excess is reversed by estrogen treatment 62 and during the preovulatory estrogen rise. 62, 63 Fracture labeling showed that this picture extends to the glycocalyx and that males lack both the ability to undergo EIGS and glycocalyceal proteins that contain mannose, as does PSA-nCAM. 64 Moreover, during the EIGS, large IMPs appear several hours following the estrogen-induced depletion of (small, <10 mm) intramembranous particles. We have not identified these elements in the glycocalyx, but treatment in vivo with PSA-nCAM-specific endosialylase 18 blocks the EISP, and this raises the possibility that PSA-nCAM is one of the glycocalyceal components that is being altered by estrogen. PSA-nCAM is a hydrophilic glycosylated protein that is found in the developing brain. It is thought to act as a bulk separator, expanding the intracellular space and separating cell:cell anchorage (Figure 15 ). PSA-nCAM largely disappears in the adult brain except for areas of continuing synaptic plasticity, such as the PVA. In preliminary studies, we have noted the increase of PSA-nCAM staining in the PVA around the time of the EISP (Figure 16 ) and have shown increases in the estrogensensitive enzymes that sialylate nCAM (Tan, unpublished data). The pattern of the PSA-nCAM in tissue slices is reticulated, and it appears that the PSA-nCAM surrounds Figure 14 . Three stages of estradiol-induced synaptolysis in the rat periventricular area PVA.These images were obtained following estradiol treatment.The upper frame shows the relationships of the players in estrogen-induced synaptic plasticity (EISP) before the synaptolytic process can be seen to progress. The middle frame shows the widening of the intercellular space and thinning of the astroglial processes premonitory to the intrusion of the processes into the synaptic cleft (bottom frame). PSA N-CAM = polysialylated neural cell adhesion molecule; shown in text as PSA-nCAM. the neurons (Figure 16 ). In addition, the average distance between neuroglial elements in areas that are ir-PSA-nCAM positive is greater that in nonstaining areas (Demir, unpublished data).
Actin. The astroglia contain contractile proteins, particularly actin. The linking of the actin cytoskeleton to the membrane is accomplished during autophosphorylation of transmembrane receptors, such as the IGF1 receptor, as a result of ligand binding.
Ezrin. Ezrin is the primary ezrin-moesin-radixin (ERM) family protein in astroglia cells. 65 The C terminal of ezrin binds to glial cell membrane proteins by linking to transmembrane proteins such as the IGF1 receptor. Upon activation via the Rho pathway, the N-terminal of ezrin either forms a polymer with other ERMs or phosphorylates to actin, thereby connecting the membrane with the contractile proteins needed for changes in cell shape and motility. 66 We and others have shown that ezrin expression and activation are regulated by estrogen. 67 IGF1. As described above, the liganding of IGF1 by its receptor triggers a signal transduction pathway that results in actin contraction and extrusion of astroglial processes. ir-IGF1 in the brain is regulated by estrogen; IGF1 in arcuate nucleus tanycytes rises dramatically at the time of the estrogen peak (Figure 17 ). 68 The source of this IGF1 remains uncertain. It is possible that it is induced in the liver by estrogen and is transported to the brain via the systemic circulation. The IGF1 may pass into vIII via the choroid plexus and then be absorbed via the conveniently present estrogen-induced tanycyte microglia.The IGF1 then passes down the tanycyte cell bodies and processes to be distributed within the PVA (Figure 17 ).We tested the importance of IGF1 in the EISP by treating cycling female rats with the IGF1 receptor antagonist JEB prior to the midcycle gonadotrophin surge; JEB blocked the EISP, indicating that the IGF1-PVA pathway is critical to the EISP. 17 Figure 10 ) morning slice (left) was dissected during the estrogen peak but before the EIGS. There is an increase in ir-PSA-nCAM in the periventricular area (PVA). Close inspection shows that neurons are surrounded by the increased staining, giving the area a reticulated appearance.The metestrus slice (right) is taken when estrogen is at a low point (MO; Figure 10 ), and there is little staining. Figure 17 . Immunoreactive insulin-like growth factor 1 (ir-IGF1) in the periventricular area (PVA) cycles in parallel with the estrogen from the developing follicles. In these data from cycling rats, there is seen a peak of PVA ir-IGF1 at the point of the estrogen-induced gonadotrophin surge.The upper frame shows a low-power view of the PVA during diestrus, and the lower frame shows the massive increase akin to that seen in Figure 13 during the PM of proestrus. Modified from Garcia-Segura et al. 68 
PUTTING THE EISP TOGETHER
We have indicated the importance of estrogen and its associated actions that drive both pituitary and hypothalamic influence of the EIGS.Although much remains to be done, at this point, the chain of events shown in Figure 18 appears worth consideration and further testing. (1) The circulating estrogen rises dramatically as the ovarian follicle(s) matures.This is the signal that will ultimately trigger EISP and the EIGS. (2) The extrusion of increased amounts of hydrophilic PSA-nCAM is associated with shrinkage of the neural cell volume, widening of the intercellular space, and mechanical freeing and separation of glia from neurons.
(3) The increased estrogen induces IGF1 and perhaps ezrin, which together cause glial processes to extend and become interposed between the presynaptic and postsynaptic elements. It is not known whether this last step is passive or involves active separation of these elements. (4) Following the EISP and the EIGS, the process is reversed as the estrogen levels fall. Figure 18 shows this sequence of the proposed mec anisms of EISP in the PVA. Future studies will expose the regulation of these proteins by estrogen and the exact mechanism by which each of these proteins perform their role in the marvelous ballet of reproduction. Figure 18 . A summary of the mechanisms proposed to support the changes in the periventricular area (PVA) during feedback control of gonadotrophin-releasing hormone (GnRH) by estrogen.Through experiments described in the text, it has been possible to show that estradiol is the physiological regulator of GnRH secretion. Blocking experiments have shown the key roles of polysialylated neural cell adhesion molecule (PSA-nCAM) and insulinlike growth factor 1 (IGF1). Several lines of data indicate how ezrin could function as the third estrogen-regulated protein involved in GnRH control by estrogen.The evidence that estrogen-induced synaptic plasticity (EISP) in the PVA is a reversible process that does not entail loss of axonal boutons supports changes in the microenvironment such as are proposed in this scheme.While these elements may not be the only ones acting, the EISP is unlikely to occur in their absence. In fact, we have proposed that the absence of 1 or more of these elements is responsible for the lack of phased synaptic remodeling in aging female rats and in perinatally imprinted males. LH = luteinizing hormone; FSH = follicle-stimulating hormone.
Amplification of the gonadotrophin-releasing hormone
Amplification of the gonadotrophin-releasing hormone Amplification of the gonadotrophin-releasing hormone Amplification of the gonadotrophin-releasing hormone Amplification of the gonadotrophin-releasing hormone
